Orienting otolith-ocular reflexes were assessed in rabbits using static tilt, off-vertical axis rotation (OVAR) and sinusoidal oscillation about earth-horizontal axes. In all paradigms, head pitch produced ocular counter-pitch and vergence, and head roll produced ocular counter-roll and conjugate yaw version. Thus, vergence and version are essential components of orienting reflexes along the naso-occipital and bitemporal axes. Vergence and version caused misalignment between the axes of eye and head movement during pitch and roll head movements. Semicircular canal input broadened the band-pass of these orienting reflexes, which would make them more appropriate when compensating for head movement during active motion.
Introduction
Tilts of the head with regard to gravito-inertial acceleration (GIA), the summed vector of the linear accelerations acting on the head, are sensed by the otolith organs, which induce eye movements that tend to align the yaw axis of the eyes with the GIA. 1 We term such eye movements as 'orienting' eye movements. They are in contrast to compensatory eye movements that are produced by the angular vestibulo-ocular reflex (aVOR) and the high frequency linear vestibulo-ocular reflex (lVOR). For the aVOR, compensation is the tendency to maintain a fixed gaze direction in space, while for the high frequency lVOR, compensation is the tendency to maintain a fixed gaze point in space (Imai, Moore, Raphan, & Cohen, 2001 ). In the lateral-eyed rabbit, the eyes orient by torting about the optic axis to counter head pitch and by moving vertically with regard to the orbit to counter head roll (Van der Hoeve & De Kleijn, 1917; Fleisch, 1922; Lorente de Nó , 1931; Hughes, 1971; Tegetmeyer & Schwartze, 1982) . Baarsma and Collewijn (1975) used a parallel swing and a linear sled to study the gain and frequency characteristics of the vertical and torsional movements that orient the visual streak of the rabbit to the horizon. The induced movements developed slowly in response to steps of linear acceleration. Gains were low on the parallel swing and fell with increases in frequency above 0.3 Hz. Phases also advanced at higher frequencies. They concluded that otolith-ocular reflexes in the rabbit are predominantly low frequency orienting responses to linear acceleration that act to maintain the visual streak parallel to the horizon.
Otolith-ocular reflexes are also produced by rotating animals about axes tilted from the vertical (off-vertical axis rotation, OVAR). During steady state rotation, OVAR is a pure otolith stimulus, producing nystagmus and sinusoidal oscillations in eye position, and the semicircular canals do not contribute to the response (Guedry, 1965; Benson & Bodin, 1966; Correia & Money, 1970; Young & Henn, 1975; Cohen, Suzuki, & Raphan, 1983) . Janeke, Jongkees, and Oosterveld (1970) slowly rotated rabbits about an earth horizontal axis in roll. During this 'roll' OVAR, the eye contralateral to the direction of rotation moved down in the orbit while the eye ipsilateral to the direction of rotation moved up (Janeke et al., 1970) . After utricular destruction, nystagmus was transitory at the onset of OVAR, and there was no steady state nystagmus, illustrating its utricular origin.
One purpose of this study was to determine the relative contribution of static and dynamic otolith primary afferents to the production of orienting eye movements in the rabbit. To achieve this aim, we used three paradigms: static tilt, 'yaw' OVAR and sinusoidal oscillation about a horizontal axis. Static tilt activates otolith primary afferents with long time constants (Fernandez & Goldberg, 1976) , while OVAR activates otolith primary afferents with both long and short time constants, the static and dynamic primary afferents, respectively. Differences in response between static tilt and OVAR can be attributed either to activation of dynamic otolith receptors or to band-pass characteristics of the orienting responses. Sinusoidal pitching or rolling about an earth horizontal axis activates both the otoliths and the semicircular canals. Therefore, differences between OVAR and sinusoidal tilt can be attributed to the contribution of the semicircular canals.
Tilting rabbits about the pitch or roll axis not only causes the eyes to tilt about the same axis but to deviate about other axes as well (Hö gyes, 1881; Lorente de Nó , 1931 , 1932 Tegetmeyer & Schwartze, 1982) . This deviation results in misalignment between the axes of the vestibular stimulus and the induced eye movement. Since the gains of the vestibulo-ocular reflex (VOR) in the roll, pitch and yaw directions are not uniform, there is already misalignment between angular stimuli and the ocular response (Van der Steen & Collewijn, 1984; Crawford & Vilis 1991; Tan, Van der Steen, Simpson, & Collewijn, 1993) . The emergence of components of movement not along the direction of the stimulus, such as cross-coupling from yaw to roll or pitch in association with tilts of the GIA during yaw axis nystagmus, can also cause misalignment between the axes of the stimulus and eye velocity (Dai, Raphan, & Cohen, 1991; Errico, Ferraresi, Barmack, & Pettorossi, 1996) . A comparison of the alignment of the axes of the eyes and head during head tilt and head rotation has not been examined previously in the rabbit.
Roll, pitch and yaw eye movements in the rabbit have usually been described in an eye coordinate frame because of the lateral position of the eyes, while head movements are described in a head coordinate frame. Thus, eye movements induced by head roll are usually referred to as vertical movements, whereas rotatory eye movements induced by head pitch are usually designated as torsional movements (Van der Hoeve & De Kleijn, 1917; Fleisch, 1922; Hughes, 1971; Tegetmeyer & Schwartze, 1982; Lorente de Nó , 1932; Jongkees & Philipszoon, 1964; Baarsma & Collewijn, 1975) . Because we were interested in comparing the axes of rotation of the head and eyes, eye movements were expressed in head coordinates in this paper. Thus, eye movements that were vertical with regard to the orbit, but were produced by head roll were considered here as ocular roll. Similarly, torsional movements about the optic axis that were produced by head pitch were considered to be ocular pitch.
The goals of this study were threefold. We wished to examine orienting pitch and roll eye movements and compare them to the head deviations that produced them, to determine whether there was misalignment of the axes of eye and head movement during orienting and compensatory eye movements, and finally, to determine the component parts of the various orienting responses that are produced by static and dynamic otolith activation and by semicircular canal activation.
Methods

Animal preparation
Three alert adult Dutch belted rabbits were used in this study. The experiments conformed to the Principles of Laboratory Animal Care (1996) and were approved by the Institutional Animal Care and Use Committee. Under ketamine/acepromazine (35 mg/kg ket+ 0.35 mg/kg ace) and xylazine (5 mg/kg) anesthesia and sterile surgical conditions, a pedestal was implanted on the skull to immobilize the head painlessly during experiments. The pedestal was secured to the skull with small screws and dental cement so that during the experiment the head could be held in the 'freeze' position with the nasal bone inclined at 57°to the horizontal (Hughes, 1971) , where the horizontal canals were tilted approximately 7°backward and the vertical canals were essentially vertical (Simpson, 1983) .
A search coil was implanted under the conjunctiva around each eye, parallel to the plane of the limbus, to measure the yaw and roll components of eye movement, expressed in head coordinates. Because of equipment limitations, we could only study movements of one eye in three-dimensions (3D) or of two eyes in two-dimensions (2D). The optic axis of the rabbit points 88°laterally and 13°above the horizon (Hughes, 1971) . By using a two-field system, it was possible to record the yaw and roll components of both eyes simultaneously from the coils placed around each iris. A second pre-formed coil was inserted under the supe-rior oblique and superior rectus muscles of the left eye and sutured to the globe. This coil measured the torsional component relative to the orbit, i.e. pitch in head coordinates, thus allowing for monocular 3-dimensional recording (Van der Steen & Collewijn, 1984) . The leads of the coils passed under the skin and were connected to a plug attached to the pedestal. The animals were allowed to recover for at least a week before the initial testing.
Head coordinate frame and methods of eye mo6ement recording
A head-fixed coordinate frame was defined according to the right hand rule relative to the animal's freeze position (Fig. 1) . The roll (X) axis was naso-occipital, positive out of the nose. The pitch (Y) axis was bitemporal (interaural), positive out of the left side, and the yaw (Z) axis was vertical with positive up. Euler angle and axis-angle representations of eye movement (Raphan, 1998) were derived from the voltage output of the search coils and a technique of calibration was developed (Appendix A). The data are presented as components of the axis angle of eye rotation in roll, pitch and yaw in the head-fixed coordinate frame.
To study vergence, binocular recordings were done using the limbus-concentric coils in each eye. Under these circumstances, only the yaw and roll components were measured, approximated by the first Euler angle and the second Euler angle, q, respectively. The validity of this approximation was demonstrated both numerically and by direct comparisons with 3D axis angle representations (see Yakushin, Dai, Suzuki, Raphan, & Cohen, 1995 for similar verification in the monkey). Vergence was defined as the change in the difference of angles between the two eyes relative to the values at rest and directly related to right minus left yaw eye position approximated by r − l . The average contribution of each eye to vergence was the total divided by two. Values were positive when the eyes converged. Version was defined as the mean conjugate yaw movement of the two eyes, ( r + l )/2.
Experimental paradigms (static tilt, OVAR and sinusoidal tilt)
All experiments were conducted in darkness. During testing, animals were placed in the center of a multiaxis vestibular stimulator described in previous publications (Dai, McGarvie, Kozlovskaya, Raphan, & Cohen, 1994; Dai, Raphan, Koslovskaya, & Cohen, 1996) . To reach different tilt positions, animals were rotated at 5°/s about the pitch or roll axis to angles between 9 90°in 10°increments in a randomized order. Tilt positions were held for 20 s. To minimize semicircular canal contributions when studying the response to static tilt, the first 10 s at each position were not considered and tilt positions were approached from both positive and negative sides except for the extreme positions.
In addition, animals were rotated about a head yaw axis that was tilted from the vertical (OVAR). Each test began with rotation about a vertical axis until the per-rotatory nystagmus had disappeared. Then, the axis of rotation was tilted by 30°. OVAR nystagmus promptly appeared, climbing to a steady state in 3-5 s. Measurements were taken from the steady state. OVAR was characterized by the frequency of rotation (30°/s -0.08 Hz; 60°/s -0.17 Hz; 90°/s -0.25 Hz; 120°/s -0.33 Hz). Animals were also pitched or rolled sinusoidally with an amplitude of 9 30°at frequencies of 0.08, 0.17, 0.25 and 0.33 Hz. The frequency of change in the linear acceleration during the sinusoidal tilt tests was equivalent to that during OVAR.
Data acquisition and analysis
A computer controlled the vestibular stimulator and collected the data. Voltages related to vestibular stimuli and eye positions were recorded by amplifiers with a bandwidth of D.C.-40 Hz and sampled at 150 and 600 Hz, respectively. Amplitudes and phases of cyclic modulation of eye position and slow phase eye velocity were calculated from least square sinusoidal fits. Analy- sis of variance (ANOVA) was used to analyze results of static tilt for each eye. We tested the hypothesis that the average eye position at each of nineteen head tilt positions was equal among all three animals. ANOVA was also used for analysis of the response to sinusoidal tilts and OVAR to test the effect of frequency changes.
Results
Static tilt
Pitch
Pitching the head (inserts over Fig. 2A ,C) caused prominent pitch eye movements in opposition to the head movement ( Fig. 2A , second trace). There were also prominent yaw movements (third trace), but the roll component was small (first trace). The average responses of three animals to head pitch are summarized in Fig. 2C -E. Since previous studies have shown that the relationship between eye rotation and tilt of the head in pitch and roll are sine functions (Van der Hoeve & De Kleijn, 1917; Magnus, 1924) , the abscissae were scaled as sine functions of head tilt. Consequently, the abscissae represent linear acceleration along the X-( Fig. 2C -E) and Y-axes ( Fig. 2F -H) in units of g. There was a linear relation between the induced counter-pitch of the eyes and the X component of acceleration ( Fig. 2D ; r=0.998, fit of means). The reflex had a sensitivity of approximately 17°of ocular rotation per g of linear acceleration along the naso-occipital axis over the 9 90°range of pitch. Over 9 30°, the range used for OVAR and sinusoidal tilting, the sensitivity of the counter-pitch of the eyes relative to static head tilt (eye rotation/head tilt) was approximately 0.28.
In three-dimensional monocular recordings, the measured (left) eye adducted when the head was pitched up and abducted when it was pitched down (Fig. 2E ). The deviation was approximately 11°of yaw per g of linear acceleration along the X-axis (r= 0.991) over 9 90°, i.e. the 9 1 g range (Fig. 2E ). On the basis of symmetry considerations, the yaw eye movements induced by pitch should be disconjugate, i.e. the eyes should verge. Two-dimensional binocular recordings during static pitch verified this (Fig. 3A , means and 95% confidence intervals). The eyes converged when the nose was pitched up and diverged when pitched down. The monocular yaw movements due to pitch, which were recorded from the left eye ( Fig. 2E ), overlay 2D left eye recordings of vergence-related yaw during pitch (Fig.  3A , top graph). The right eye had a somewhat greater amount of yaw movement during pitch (Fig. 3A) . The average yaw () movement of the six recorded eyes in the three animals was approximately 14°per g of linear acceleration along the X-axis (r \0.99), corresponding to 0.24°of yaw for each degree of head pitch within 9 30°. Vergence has also been found in response to dynamic naso-occipital linear acceleration in the rat (Hess & Dieringer, 1991) and monkey (Paige & Tomko, 1991; Dai et al., 1996) .
Roll
When the animals were rolled, the eyes predominantly counter-rolled (Fig. 2B , top trace), but there were also weak yaw movements (Fig. 2B , third trace). With the left ear down (left insert over Fig. 2F ), the left eye moved up, counter-rolling against the tilt (Fig. 2F ). With the right ear down (right insert), the left eye moved down. The roll was linearly related to linear acceleration along the bitemporal (Y) axis over a range of 990°with a sensitivity of approximately 16°per g of (r= 0.989; data of Fig. 2F ). Over 9 30°, the counterroll gain was approximately 0.26. The sensitivity of counter-roll (q) in two-dimensional recordings from six eyes was close to that obtained with three-dimensional recordings (: 18°per g along the Y-axis).
There were also small yaw movements in response to roll tilts (Fig. 2B, H) . The left eye abducted when the left side was rolled up and adducted when that side was rolled down. The sensitivity was approximately 3°per g of linear acceleration along the Y-axis ( Fig. 2H ; r= 0.921). Two-dimensional, binocular recordings demonstrated that the ocular deviations about the yaw () axis induced by head roll were conjugate (Fig. 3B , ANOVA, p 0.01), in contrast to the vergence induced by head pitch. Both eyes moved during the ocular deviations in yaw so that their roll axes tended to align with the GIA when the head was placed on its side. Versional eye movement has also been found in response to low-frequency bitemporal linear acceleration in the rat (Hess & Dieringer, 1991) . The monocular yaw movements due to roll, recorded from the left eye ( Fig.  2H ), overlay two-dimensional left eye recordings of vergence during roll (Fig. 3B , upper graph). Similar to pitch, there was a small asymmetry between the left and right eyes (Fig. 3B ). The slope of the linear fits from the averages of the six eyes yielded a sensitivity of approximately 5.4°per g of linear acceleration along the Y-axis (r\ 0.98), corresponding to 0.09°of yaw for each degree of head roll within 9 30°. 
Off-6ertical axis rotation (OVAR)
Rotation in yaw about an axis tilted 30°with respect to the spatial vertical generates a projection of the gravity vector of 0.5-g that circles the head in the X-Y plane in the direction opposite to that of rotation. In the steady state, this dynamically stimulates the otoliths without activating the semicircular canals. The question we sought to answer with OVAR was whether steady state dynamic otolith stimulation would alter the orientation responses observed during static tilt. During OVAR at 0.17 Hz (60°/s), continuous horizontal nystagmus was induced with steady-state horizontal slow phase eye velocities of about 5°/s, range 0-14°/s (Fig. 4G) . During the slow phases, the eyes moved in the direction of the rotating gravity vector and against the direction of rotation. The beating field of the yaw nystagmus at this stimulus velocity was modulated by 4.9° (Fig. 4D ) and horizontal slow phase velocity was modulated by 4.7°/s (Fig. 4G ). There was also weak pitch and roll nystagmus, which varied among animals. Cyclical modulations in the pitch, roll and yaw components were closely related to the changing orientation of the head in space.
Comparable to the responses during static tilt, the peaks of the pitch and roll eye positions during OVAR occurred at the head positions where gravity was nearly aligned with the naso-occipital and bitemporal axes, respectively, as shown by the vertical lines from the inserts below in Fig. 4 . The phase of roll led the side down position by 2.7°and pitch lagged the nose up position by 3.1°. Modulations in roll and pitch velocities associated with the roll and pitch deviations were shifted approximately 90°from the position change of the head.
Binocular recordings showed that oscillations in the beating field of the nystagmus during OVAR, found in the monocular recordings, were due to oscillations in both vergence and the conjugate yaw (version) component (Fig. 5C, 6th and 7th traces). There was a large phase difference between the yaw () components in the left and right eyes ( Fig. 5A,B ; solid and open symbols, respectively), which moved the eyes together or apart (Fig. 5C, 2nd and 3rd traces) . While the phases of the monocular beating fields depended on the direction of rotation, those of oscillating vergence and versional components were closely related to specific head orientations in space regardless of the direction of rotation. The maximal convergence lagged the nose-up position by 22°o n average ( Fig. 5C ; 6th trace and insert), and the conjugate yaw component lagged the side-down position by 24° (Fig. 5C, 7th trace; Fig. 5A ,B, dashed lines). Hence, the phase difference between peaks of version and vergence was close to 90°.
Since most of the saccadic components were conjugate in yaw, they cancelled. Thus, the vergence modulation was relatively smooth, and vergence was produced predominantly by slow eye movement (Fig. 5C, 2nd trace from bottom). The phases of vergence tended to lag as the rotation speed increased from 30 to 120°/s and the amplitude of the vergence modulation decreased as rotation velocity increased, dropping from 10.8°at 0.08 Hz to 6.9°at 0.33 Hz. When amplitudes were normalized relative to those at 0.17 and 0.25 Hz (9.1 and 7.8°, respectively) to minimize inter-animal variation, the difference among stimulus frequencies was significant (ANOVA, pB0.01). In contrast, there was no difference in the amplitudes of version modulation as a function of rotation frequency. The average and standard deviation of version for all four frequencies and three animals was 3.690.97°. Thus, the orienting responses during OVAR were similar to those during static tilt, but both vergence and version somewhat lagged the expected head positions.
Sinusoidal tilting in pitch and roll
Sinusoidal head pitch about an Earth-horizontal axis caused modulation in pitch and yaw and sinusoidal head roll induced modulation in roll and yaw eye position (Fig. 6) . The amplitudes of ocular pitch and roll and the accompanying yaw modulations were approximately constant over the frequency range from 0.08 to 0.33 Hz (Figs. 6 and 7A-D) . The phase lead of roll (q) eye movement in the six eyes of three animals was reduced from 198 to 190°relative to head roll (ANOVA, P B 0.05; Fig. 7C , open circles), but changes in the phases of the other components were non-significant (Fig. 7A,B,D, open circles) . During sinusoidal pitching, the average phase lead of ocular pitch in monocular 3D recording of the three left eyes was 194.5°. The average amplitudes of pitch and roll in the three left eyes in three animals were 11.9 and 18.9°for counter-rotation gains of 0.40 and 0.63, respectively. Binocular recording showed that the yaw modulation during sinusoidal pitching was vergence and involved little shift in conjugate gaze (Fig. 8A, 4th and 5th traces). The eyes converged when the nose was tilted up and diverged when the nose was tilted down with an amplitude of 912.2°. Each eye contributed about 0.20°o f yaw () for each degree of head pitch. In response to sinusoidal roll, there were oscillatory conjugate gaze shifts in the direction of gravitational acceleration (Fig.  8B, 5th trace) , but little or no vergence (4th trace). The average conjugate yaw () eye movement during sinusoidal roll was 7.0°, corresponding to 0.23°of version for each degree of head roll. The average phases of yaw () eye movements of six eyes during sinusoidal pitching and rolling were 3.1 and 1.7°, respectively, leading relative to the stimulus position (Fig. 7B,D) .
Comparati6e characteristics of static and dynamic responses
Eye movements induced by static tilt and OVAR were compared first, since both stimuli activate only the otolith organs and not the semicircular canals. The average amplitude of the pitch component of the left eye was smaller during OVAR at 0.17 Hz (Fig. 9A , triangle) than during static tilt (Fig. 9A, square) , although the differences were not significant (5.69 2.9 vs. 8.49 3.0°). In contrast, the mean amplitude of the roll components induced by OVAR was similar to that induced by static tilt (8.4 vs. 7.8°in monocular 3D recording, N= 3; 9.0 vs. 10.7, q, N= 6, Fig. 9C ). Vergence induced by OVAR was smaller than that induced by 30°of static tilt (14.5°; Fig. 9B , square) at all frequencies, ranging from 0.08 to 0.33 Hz, and the amplitude fell as the frequency of rotation increased (Fig. 9B, triangles) . In contrast, there was no significant difference in the conjugate yaw component (version) as a function of velocity during OVAR (Fig. 9D, triangles) . The average amplitude of the modulation in version for all frequencies and animals was 3.6°9 0.97, and was similar to the version induced by 30°of static roll (2.7°; Fig. 9D, square) . Thus, the orientation responses to head pitch and roll during OVAR and static tilts had different dynamics. Ocular pitch and vergence were smaller during OVAR than during static tilt and decreased with increased rotational frequencies, reflecting the low-pass characteristics of the responses, whereas ocular roll and version were stable across frequencies. Baarsma and Collewijn (1975) noted a similar difference between ocular responses to pitch and roll.
Responses during OVAR, which activates all classes of otolith units, and sinusoidal tilt about a horizontal axis, which activates both the otoliths and the semicircular canals, were compared next. The average amplitude of pitch and roll were 11.9 and 18.9°during sinusoidal pitch and roll (Fig. 9A ,C, circles), compared to 5.6 and 8.4°during OVAR at corresponding frequencies of 0.167 Hz (60°/s), respectively (Fig. 9A,C,  triangles) . Thus, the addition of a canal component was associated with an approximately doubling of the pitch and roll responses recorded during OVAR.
Vergence during sinusoidal pitching (12.2°) was slightly less than during static tilt (14.4°) and slightly greater than during OVAR at 0.08 Hz (10.8°), but the amplitude of the vergence modulation decreased as the rotation velocity of OVAR increased. It dropped from 10.8°at 0.08 Hz to 6.9°at 0.33 Hz (Fig. 9B, triangles) . In contrast, there was no significant decrease in vergence with increases in frequency during sinusoidal pitching (Fig. 9B, circles) . At the highest frequency tested (0.33 Hz), the difference between vergence during OVAR and sinusoidal pitching was approximately 4°, corresponding to 2°of monocular deviation. The average conjugate yaw () eye movement during sinusoidal roll was 7.0° (Fig. 9D, circles) , approximately twice the response during static tilt (2.7°) and during OVAR (3.9°). Thus, the frequency characteristics of the responses produced by the semicircular canals complemented and extended the low-pass frequency characteristics of the otolith-induced responses.
Axes of rotation of the eyes and head
Due to the addition of the vergence and conjugate yaw movements to the counter-pitch and counter-roll, the eyes did not rotate about the same axes as the head during static tilts. There was little roll eye movement during pitch, a head movement about the Y-axis. Consequently, the left eye rotated about an axis that lay in Amplitudes of the roll (C) and yaw (D) components over the same frequency range. Each graph displays the mean and standard deviation for six eyes in three animals, except for (A), which is based on three eyes in three animals. To obtain (B), the phase of one eye was reversed by 180°a nd averaged with the phase of the other eye, since head pitching caused a disconjugate and nearly symmetrical yaw eye movement. Amplitudes and phases were flat over the frequency range, except for a decline in the roll phase at higher frequencies in (C). a plane parallel to the Y -Z (coronal) plane and was rotated − 33°about the X-axis away from the Y-axis. During static roll, a head movement about the X-axis, the left eye rotated about an axis that lay in a plane parallel to the X-Z (mid-sagittal) plane and was rotated + 12°about the Y-axis away from the X-axis. During OVAR, the animal rotated about a yaw axis with simultaneous roll, pitch and yaw of the eyes. As a result, while the GIA circled around the head-fixed Z-axis, the axis of eye rotation was tilted away from it. Since the phase of monocular yaw eye movement during OVAR depended on the direction of rotation, the orientation of the eye rotation axis also depended on the direction of rotation. During sinusoidal head pitch, the addition of vergence caused the left eye to rotate about an axis that was rotated about the X-axis − 23°a way from the Y-axis, and during head roll, with the addition of version, the eyes rotated about an axis that was rotated about the Y-axis 17°away from the X-axis.
Discussion
Rabbits have long been known to have strong otolith-ocular orienting reflexes that oppose head tilt (Van der Hoeve & De Kleijn, 1917; Magnus, 1924) and tend to align the yaw axis of the eyes to the GIA during translational motion (Baarsma & Collewijn, 1975) . This study confirms these results, but also shows that vergence and version about a yaw axis are integral parts of the orienting responses. One consequence of these yaw components is that they produce misalignment between the rotation axes of the head and the eyes. The use of three stimulus modes: static tilt, which only activated static otolith primary afferents; OVAR, which excited both static and dynamic otolith primary afferents; and, sinusoidal tilt, which activated both otolith and semicircular canal primary afferents, allowed us to infer possible mechanisms for the production of the ocular responses to tilt and linear acceleration. Most significantly, the addition of semicircular canal input increased the gain and broadened the band-pass characteristics of the frequency response of the otolith orienting responses to head pitch and head roll. In addition, both vergence and versional yaw movements increased with the increased gain associated with semicircular canal activation. The findings that combined canal and otolith activation produce vergence during dynamic head pitch as well as yaw axis version during head roll have not been described before, although electric stimulation confined to vertical canal plane components in the flocculus are often accompanied by vergence (Van der Steen, Simpson, & Tan, 1994) .
Orienting pitch and roll responses
Early studies showed that the pike and carp also have strong counter-pitch and counter-roll (Benjamins, 1918) . Thus, different vertebrate species with lateral eyes have a similar tendency to preserve the orientation of their eyes to the spatial horizontal. In agreement with previous studies in the rabbit (Van der Hoeve & De Kleijn, 1917; Magnus, 1924) , we found that changes in eye position were approximately linearly related to the sine of the angle of head tilt over 990°, rather than being related directly to the angle of head tilt. The same was true for vergence and versional yaw eye rotations. A similar relation was found for ocular counter-rolling in other species (human, Woellner & Graybiel, 1959; fish, Benjamins, 1918) . A simple way to produce this result would be to utilize information from otolith primary afferents that code the bitemporal component of acceleration for roll head movements and the nasooccipital component of acceleration for pitch head movements. Alternatively, the brain could compute the magnitude and direction of the oculomotor command by taking a cross product between the GIA and a unit vector representing the head yaw axis. Such a cross product would encode ocular tilt as an axis along the direction orthogonal to both the head yaw axis and GIA. Because of the nature of the cross product, the magnitude of the tilt would be encoded as the sine of the angle between the two vectors. This type of computation could utilize information from both otolith and body tilt receptors in producing the observed ocular tilt dependence on gravito-inertial acceleration. It would be consistent with the apparent contribution of the dorsoventral component of linear acceleration to ocular counter-roll found in humans during centrifugation (MacDougall, Curthoys, Betts, Burgess, & Halmagyi, 1999) .
The gains of the ocular counter responses found in our study are lower than those reported by Van der Hoeve and De Kleijn (1917) , Magnus (1924) and Hughes (1971) . Their larger gains are likely to have resulted from a contribution of vision since their studies were conducted in light. The responses of a blind rabbit (Fleisch, 1922) and of normal rabbits in darkness (Van der Steen & Collewijn, 1984) during slow rotation are more comparable to our results. Cervical inputs also contribute to counter-pitch and counter-roll, and tilts of the head relative to the body enhance the ocular pitch and roll produced when the head and body are tilted en bloc (Magnus, 1924; Hughes, 1971) . Combining the otolith-ocular and cervical-ocular reflexes with vision by tilting the head on the body, Van der Hoeve and De Kleijn (1917), Magnus (1924) and later Hughes (1971) found almost perfect compensation for ocular pitch and roll over a range of head position from 20 up to 60°down. The conclusion from these studies was that when the rabbit pitches or rolls its head naturally and elicits otolith-ocular, cervical-ocular and visual-ocular reflexes, the visual streak is maintained nearly horizontal. As a result, the relation between tilt angle and eye compensation was linear and not sinusoidal. This implies that the cervical-ocular reflex in the rabbit complements the otolith-ocular response during static head tilts to enhance and linearize it with regard to the angle of head tilt. Functionally, ocular counter-pitch would be important in stabilizing the visual world when pitching the head toward the ground. Orienting to the GIA during roll could be important during turning where combinations of linear and angular accelerations cause the eyes to roll toward the tilted GIA when animals move in a new direction. Such ocular counter-rolling has been demonstrated in humans during natural locomotion while turning corners (Imai et al., 2001 ).
Vergence
Lorente de Nó (1932) first noted that the eyes verge when the rabbit's head is pitched and commented that the vergence was an orienting not a compensatory response: 'Studying now the rabbit's field of vision, we find that the compensation has been imperfect… When the head is lowered, the optical axes diverge more than before, and when the head is raised, they tend toward convergence… One can regard these changes of the total field of vision as advantageous for the animal. When the head is lowered, the total angle of the world behind the animal, which is now covered by the field, is a little greater. While eating, the animal can more easily notice enemies, which approach from behind. When the head is raised, on the other hand, the ground directly in front is more likely to remain visible, to be stepped on with security. ' Miles (1999) has proposed that vergence produced by the compensatory lVOR and the saccadic system is used in frontal-eyed species to select objects in near space for ocular pursuit. In monkeys and humans, this is likely to be correct. Since the rabbit has no ocular pursuit and its lVOR is composed largely, if not solely, of low frequency orienting components, the vergence produced by the lVOR must have a different function, more closely related to orientation than to ocular compensation. The area of highest visual acuity on the rabbit's retina is the visual streak, which lies parallel to the earth when the rabbit is in its freeze position. Even though rabbits are lateral-eyed, their monocular visual field extends nasally about 10°over the midline and the optic axes are rolled up by 13°. Both of these contribute to a binocular overlap of approximately 30°in the rostrodorsal visual field in the freeze position ( Fig. 10B ; Hughes, 1971) . Convergence during forward naso-occipital linear acceleration increases the size of the rabbit's frontal binocular field (Fig. 10A ). In addition, although its accommodative reflexes are weak, the rabbit is myopic in its anterior visual field and hyperoptic in its lateral visual field (De Graauw & van Hof, 1978) , so that an increase in convergence would further enhance near vision during forward linear acceleration.
As we found during static pitching, the animal essentially responds to the component of the GIA projected onto the X-Y plane. Thus, when moving toward an object along a trajectory with 0.5 g of linear acceleration (Fig. 10A) , the entire visual field would be pitched down by 8.5°relative to the head, causing an increase in the binocular field from 24 to 42°in front of the animal and a maximal overlap of approximately 50°, 30°above the horizon. Such an increase in binocularity would be consistent with the finding that a large number of cells in the visual cortex of the rabbit are binocular, more than would be predicted by the overlap at the level of visual streak in the freeze position (Van Sluyters & Stewart, 1974) . The frontal part of the visual field in the rabbit is behaviorally significant (Van Hof & Lagers-van Haselen, 1973) , and rabbits converge their eyes when actively approaching visual patterns (Zuidam & Collewijn, 1979) . While moving backward (Fig. 10C) , divergence would increase the total area of binocularity above and behind the head, while the binocular overlap in front of the head would decrease to 14°. Thus, vergence would improve vision in front of the animal as it moved forward and divergence would improve vision when moving backward.
Equivalent linear acceleration along the head-fixed X-axis without a translational movement of the animal would have a different effect. When the head pitched up relative to the body, the combination of otolith, visual and cervical reflexes would keep the visual streak parallel to the horizon ( Van der Hoeve & De Kleijn, 1917; Magnus, 1924; Hughes, 1971 ) and the eyes would verge (Lorente de Nó , 1931) . Whether vergence would change with the addition of cervical-ocular reflexes is not known. Assuming that the neck did not produce or inhibit vergence, the visual fields of a rabbit experiencing 0.5 g of linear acceleration along its X-axis as well as neck input during the 30°upward tilt, would overlap as in Fig. 10A% . The changes in the binocular overlap would occur about a spatially-fixed vertical axis rather than about the head-fixed yaw axis, keeping the visual streak parallel to the horizon (Fig. 10A%,B ,C%) and the yaw axis of the eyes oriented to gravity.
Cyclic modulations of vergence peaked close to the nose up position. The relationship between the head orientation and vergence during OVAR, previously noted in rats and monkeys (Hess & Dieringer, 1990; Dai et al., 1996) is related to the forward linear acceleration in this position. Similar vergence in response to forward linear acceleration has also been noted in the rabbit during forward movement in a behavioral paradigm (Zuidam & Collewijn, 1979) .
Vergence from vertical semicircular canal activation during sinusoidal head pitch has not been noted before to our knowledge. A speculation about a possible mechanism for the production of vergence is that it is tied to the kinematic cosequences of the structure of the eye in the head. The rabbit's optic axis points about 13°a bove the head-fixed horizon relative to the Y-axis (Hughes, 1971) . Thus, pitching the head forward would induce a compensatory response due to semicircular canal activation such that the optic axis of the eye would rotate on a cone. As a consequence, there would be divergence of the optic axes due to the vertical canals. There was a 4°difference in vergence, or a 2°d ifference in the monocular vergence-related, yaw movement during sinusoidal pitching and OVAR at 0.33 Hz, the highest frequency tested (Fig. 9C) , which could be explained by this mechanism. It would also explain why the vergence response to sinusoidal pitch was not dependent on frequency, because the compensatory response due to semicircular canal activation would augment the ocular response when the otolith convergence response declined. Functionally, the rabbit encounters high frequencies of head movement every time it hops forward. Our results show that when the canals are brought into action, orienting and compensatory responses complement each other to provide high frequency modulation of the eyes during natural movement.
Version
We also found a conjugate yaw eye movement in the direction of bitemporal linear acceleration during static and dynamic head rolling. A close relationship between yaw version and low frequency bitemporal acceleration was also noted in the rat (Hess & Dieringer, 1991) . Previously, Lorente de Nó (1931 , 1932 observed horizontal eye movements that were apparently opposite to those we described, and Magnus (1924) and Tegetmeyer and Schwartze (1982) found no systematic horizontal eye movements during head rolling in young rabbits. These discrepancies may stem from the fact that the previous studies did not employ a well-defined coordinate system for measuring eye positions. To obviate this ambiguity, we considered eye movements in head coordinates, although it is counter to the coordinate frames used in earlier studies.
The cause for the versional movements during roll tilt is not clear. In our data, ratios between versional yaw and roll eye movement were similar during sinusoidal rolling, which involved both otolith and semicircular canal activation, and during static rolling and OVAR, which presumably involved only otolith activation. The versional eye movements in association with bitemporal acceleration during OVAR modulated the conjugate beating field of the nystagmus, which in turn modulate its slow phase velocities so that they are greatest when the eyes are deviated in the quick phase direction (Alexander's Law; Robinson, Zee, Hain, Holms, & Rosenberg, 1984 ). An important finding was that the amplitude of modulation in the conjugate beating field was of the same magnitude as yaw version in response to static roll. This suggests that the underlying reason for the monocular beating field modulation during OVAR is a yaw orienting or positioning mechanism of vergence and version whose effects are phase shifted by 90°, similar to that observed for pitch and roll. Functionally, versional shifts during bitemporal acceleration would enable the animal to converge its eyes and increase the binocular overlap toward the direction of movement while moving forward and laterally.
In summary, vergence and version are integral parts of the orienting responses to pitch and roll head movements in the rabbit. They are present during both orienting responses produced by the otoliths and compensatory responses produced by the otoliths and semicircular canals. With the addition of compensatory input from the semicircular canals, the band-pass char acteristics of these orienting reflexes are broadened, making them more appropriate for stabilizing gaze during active motion.
Because the sagittal coil moves with the eye, the normal in eye coordinates is given by a s = (0, 1, 0), independently of eye orientation and is the vector in head coordinates when the Y-axis of the eye is aligned with the Y-axis of the head. When the eye rotates, this vector also rotates in head coordinates and can be obtained by premultiplying it by the rotation matrix R given in Eq. (1). Therefore, in head coordinates, the vector can be given by:
The top coil normal in eye coordinates is given by a t = (0, 0, 1) and can similarly be transformed into head coordinates as follows:
Therefore, the voltages representing the inner product of the sagittal coil with the X axis field, V sx and the Z axis field, V sz , and the voltage representing the inner product of the top coil with the X axis field can be given, with the proper signs of the magnetic fields, by: 
These equations are identical to those obtained in Yakushin et al. (1995) although a different head-fixed coordinate frame is used. The derivatives of these voltages can be expressed in terms of the Euler angles and their derivatives as follows:
V : sx =(coscosq) : − (sinsinq)q: V : sz =(cosq)q:
V : tx =(cossinqcos − sinsin) : + (sincosqcos)q:
These equations can now be used to to compute the components of eye position as an axis angle and eye velocity in the head coordinate frame defined in Fig. 1 as follows. From Eq. (4), the Euler angles representing eye orientation can be obtained sequentially as:
The rotation matrix for the eye rotation can be obtained by substituting the Euler angles for the eye rotation given by Eq. (6) into Eq. (1). The eye orientation can then be obtained from the rotation matrix from the Euler-Rodriguez relations (Raphan, 1998) 
where the r ij are the ijth components of the rotation matrix, n 1 , n 2 and n 3 , are the direction cosines of the axis of eye rotation in head coordinates along the roll (X), pitch (Y), and yaw (Z) directions, and b is the angle of the rotation. Multiplying b by n 1 , n 2 and n 3 , respectively (bn 1 , bn 2 , bn 3 ), gives an indication of the respective roll, pitch and yaw eye rotation from the reference position in head coordinates at any instant of time. The roll, pitch, and yaw components of the angular velocity vector of the eye, µ= (µ X , µ Y , µ Z ), can now be given in terms of the Euler angles and their derivatives in the head-fixed frame as: µ X =(cos)q: − (sincosq) :
µ Y =(sin)q: +(coscosq) :
The search coils were calibrated by holding the animal stationary in space while the magnetic fields were rotated about X, Y and Z axes of the head coordinates by a known amount approximately 9 5°. The voltage offset induced by the plugs and the leads were constant, and therefore, electronically zeroed. Hughes (1971) observed that, on average, the optic axis was nasally rotated by 2°a bout the yaw axis and by 13°above the horizon about the roll axis. In the current experiment, it was assumed that the mean eye positions in the freeze position corresponded to these values and they were incorporated in the computation of the Euler angles and q. The errors in the sensitivity measurement from such offset were insignificant for cos 13°\0.97. As expected from this intrinsic offset, rotation of the magnetic fields during the calibration procedure about the Y-axis produced significant voltage changes in V sx , but conversion into the Euler angles ensured that any eye movement was represented as rotations about three axes in the prescribed manner. Placement of eye coils were verified through a postmortem examination.
According to Eqs. (6) and (7), the angles, , q and closely approximate the degrees of rotation about roll, pitch and yaw axes, respectively, within the observed range of eye movement. Even , measured about the doubly rotated axis, would have a gain of 0.94 relative to the pitch component of the axis angles with an offset of 8°under the worst possible hypothetical combination of 42°deviation in q and 23°deviation in . Such large deviations were never observed simultaneously in reality.
